CaCu 3 Ti 4 0i2/CaTi03 Composite Dielectrics: A Ba/Pb-free Ceramics with High 

Dielectric Constants 
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We have measured dielectric properties of Cai+ x Cu3_a;Ti40i2 (x = 0, 0.1, 0.5, 1, 1.5, 2, 2.9 and 
3), and have found that Ca2Cu2Ti40i2 (a composite of CaCu3Ti40i2 and CaTiOs) exhibits a high 
dielectric constant of 1800 with a low dissipation factor of 0.02 below 100 kHz from 220 to 300 K. 
These are comparable to (or even better than) those of the Pb/Ba-based ceramics, which could be 
attributed to a barrier layer of CaTiOs on the surface of the CaCu3Ti40i2 grains. The composite 
dielectric ceramics reported here are environmentally benign as they do not contain Ba/Pb. 



It is widely known that high-dielectric ceramic ca- 
pacitors primarily composed of Ba/Pb-based perovskite 
oxides are indispensable to modern electronic devices. 
These oxides have made a great contribution to develop- 
ment of electronics since their discoveries in forties— fifties 
0, ■ As seen in a recent discovery of Pb-free piezoce- 
ramics by Saito et al. 0], there increase pressing needs 
to use environmentally-friendly materials. Ceramic ca- 
pacitors should also be replaced with Pb/Ba-free ones, if 
possible. 

One can imagine that a good ceramic capacitor should 
have a large dielectric constant e' , This is, how- 
ever, not a sufficient condition; it should also require 
a low dielectric loss e" (or a low dissipation factor 
tan<5 = e"/e', which is related to loss of stored elec- 
tricity), and a flat temperature dependence of e'. At 
present, Ba/Pb-based perovskite oxides (e.g. BaTiC>3 
and Pb(Mg 1 / 3 Nb 2 /3)03 ) are widely used as capacitor 
materials, and exhibit a high e' (1000-20000) with a low 
tan<5 (0.01-0.2). Unfortunately, e' of BaTi0 3 changes 
rapidly around the ferroelectric transition temperature 
(278 K and 400 K), which does not satisfy the weak 
temperature dependence near room temperature. Al- 
though Pb(Mg!/ 3 Nb2/3)03 does not show clear ferro- 
electric transition, e' of Pb(Mgi/3Nb2 73)03 also changes 
rapidly around 250 K. To reduce the rapid change, var- 
ious composites with other materials (e.g. CaTiOs, 
PbTiOs, BaZrOs and PbZrOs) have been examined 

Subramanian et al. discovered that ceramic samples 
of CaCu3Ti40i2 have a very large e' of 10000, which is 
nearly constant over a wide temperature range from 100 
to 400 K below 1 MHz Q ■ This is quite promising for ce- 
ramic capacitors, and it has attracted many researchers' 
interests from both technological || Q and scientific 
[H [H [H El points of view. However, CaCu 3 Ti 4 0i 2 
has not yet been applied because of the large tan<5 of 0.15 
around room temperature. 

In a previous work |l3j . we reported remarkable sub- 
stitution effects in CaCu3Ti40i2, where only 2 % sub- 
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FIG. 1: X-ray diffraction patterns of Ca2Cu2Ti 4 0i2 and 
Ca3.gCuo.iTi40i2 at room temperature. Inset shows the crys- 
tal structure of CaCu3Ti40i2. 



stitution of Mn for Cu reduces e' from 10000 down to 
100. We further attempted to improve the dielectric 
properties of CaCu3Ti40i2 by partial substitution for 
Ca, Cu and Ti. Though some of the solid solutions 
exhibited higher e', almost all the compounds showed 
poorer dielectric performance because of their high tan<5. 
Thus, as a next move, we expected that a certain kind of 
two-phase composite could improve the dielectric prop- 
erties. Eventually, we have found that a composite of 
CaCu 3 Ti 4 0i2 (high e') and CaTi0 3 (low tan<5) yields 
high dielectric performance. Here, we present that a com- 
posite of CaCu3Ti40i2 : CaTiOs = 2:1 (the nomial 
composition is Ca 2 Cu 2 Ti40i2) exhibits a high e' (1800) 
with a low tan<5 (< 0.02) below 100 kHz, which is nearly 
constant from 220 to 300 K. 

Polycrystallinc samples of Cai+ a; Cu3_ l: Ti40i2 (x = 0, 
0.1, 0.5, 1, 1.5, 2, 2.9 and 3) were prepared by a solid- 
state reaction. Stoichiometric amounts of CaC03, CuO 
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FIG. 2: Dielectric constant and dissipation factor of CCT- 
CT-1. 



and Ti02 were mixed, and were calcined at 1050 °C for 
12 h in air. The product was finely ground, pressed into 
a pellet, and sintered at 1090 °C for 24 h in air. The 
pellet was well prepared with a density of nearly 100 % 
of the theoretical one. The X-ray diffraction (XRD) of 
the sample was measured using a standard diffractomc- 
ter (Rint-2000, Rigaku) with Fe Ka radiation as the X- 
ray source in the 9-26 scan mode. Dielectric constant 
and dissipation factor of the sample with a couple of Ag- 
paste electrodes (DUPONT 4922N) were measured with 
a parallcl-platc capacitor arrangement using an AC four- 
probe method with an LCR meter (Agilcnt-4284A) from 
10 2 to 10 6 Hz. The temperature was varied between 4.2 
and 300 K in a liquid He cryostat. 

Figure 1 shows the X-ray diffraction patterns for x — 1 
(the nominal composition of Ca2Cu2Ti40i2) and for 
x = 0.1 (the nominal composition of Ca3.gCuo.iTi40i2), 
where all the peaks are indexed as a composite of 
CaCu 3 Ti 4 0i2 (CCTO) and CaTi0 3 (CTO). A single 
phase does not appear in the nominal composition range 
of 0.1 < x < 2.9. This is rather surprising, because the 
crystal structure of CCTO is very similar to that of CTO: 
CCTO belongs to an ordered perovskite where the Ca ion 
in CTO is replaced by Cai/4Cu 3 /4. The best dielectric 
properties are seen in the x = 1 sample, and we will call 
it CCT-CT-1 hereafter. 

Figure 2 shows the dielectric constant e' and the dis- 
sipation factor tan(5 of CCT-CT-1. In a frequency range 
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FIG. 3: Dielectric properties of some famous capacitor 
materials. Dotted rectangles represent roughly classified 
categories of dielectric materials. Temperature compensating 
capacitor is located in the area where 10 < e' < 500, |Ae'| < 5 
% and 10~ 4 < tanc5 < 10~ 3 . Here Ae' is defined as (e'r-e'ao) 
/ e'2oxl00 [%], where e'20 and e't represent e' at 20 °C and 
e' at T °C, respectively. X5R [X7R] is denned as a capacitor 
that exhibits |Ae'| < 15 % in the temperature range from -55 
°C (218 K) to +85 °C (358 K) [from -55 °C (218 K) to +125 
°C (398 K)]. Z5U is defined as a capacitor that exhibits -55 
% < Ae' < +22 % in the temperature range from +10 °C 
(283 K) to +85 °C (358 K). Y5V is defined as a capacitor 
that exhibits -82 % < Ae' < +22 % in the temperature range 
from -30 °C (243 K) to +85 °C (358 K). Alphabetical letters 
correspond to dielectric materials; A: CaTiOs, B: BaTiOs, C: 
Pb(Sc 1/2 Ta 1/2 )0 3 , D: Pb(Mg 1/3 Nb 2/3 )03, E: CaCu 3 Ti 4 0i2, 
F: CaCu 2 .97Mno.o3Ti 4 Oi2, G: CaCu 2 .94Mno.o6Ti 4 Oi2, 
H: Cao.95Nao.o5Cu3Ti 4 Oi2, I: Ca .g 5 Lao.o5Cu3Ti 4 Oi2, J: 
Cao.95Sr .o5Cu3Ti 4 Oi2, K: CaCu3Ti3.sSno.2O12 and L: 
CaCu2.85Zno.i5Ti 4 Oi2. The data from A to D are taken from 
ref. B. 



from 10 2 to 10 5 Hz and a temperature range from 220 to 
300 K, a large e' of 1800 is almost independent of tem- 
perature. It should be emphasized that tanr5 remains at 
a low value of less than 0.02 in the same frequency and 
temperature ranges. This value is one order of magni- 
tude smaller than that of CCTO. Below about 220 K, s' 
rapidly decrease, and tan<5 shows a large peak, which are 
explained in terms of dielectric relaxation [Toj . 

Now we compare CCT-CT-1 with other ceramic capac- 
itors. Figure 3 shows e' and tanrj for some famous ceramic 
materials. These materials are classified into two large 
categories according to values of their e' and tan<5. The 
one category is for temperature compensating capacitor, 
and the other one is for high dielectric capacitor. The 
latter is further classified into X5R, X7R, Z5U and Y5V 
of EIA (Electronic Industries Association in USA) stan- 
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FIG. 4: Room-temperature dielectric properties of (1- 
y)CaTi0 3 + yCa 1/4 Cu 3/4 TiC>3 at 100 kHz. 



dards (For the detailed regulations, see figure caption.). 
These categories are roughly represented by dotted rect- 
angles in Fig. 3. The dielectric performance of CCT-CT- 
1 is in the X5R/X7R standards, which is comparable with 
those of Samples B (BaTi0 3 ) and C (Pb(Sci /2 Tai /2 )03). 
In particular, temperature variation of e' of CCT-CT-1 
is +1.0 % at 1 kHz from 218 K (-55 °C) to 300 K (+27 
°C), which is the smallest value in X5R/X7R, and is even 
superior to that of sample A (CTO). Samples F-I in Fig. 
3 represent dielectric properties of partially substituted 
samples for Ca, Cu and Ti in CCTO. They have the large 
tani5 in common, which suggests that the good dielectric 
properties of CCT-CT-1 are unlikely to come from simple 
substitution effects. 

Let us discuss an origin of the large e' and the low tan<5 
of CCT-CT-1. Figure 4 shows the room-temperature di- 
electric properties of (l-y)CaTi03 + 2/Ca 1 / 4 Cu 3 / 4 Ti03 
at 100 kHz, where y represents a volume fraction of 
CCTO (y = 0.66 corresponds to CCT-CT-1). e' caX shown 
by the dotted curve is a calculation from Lichtenecker's 
logarithmic law written by 



ln 4al = V ln ^ccto + C 1 - V) m£ C 



CTO' 



(1) 



where £ccto an( ^ e cro represent dielectric constants of 
CCTO and CTO, respectively. Obviously, the experi- 
mental data are in excellent agreement with e' cal . 

Equation (1) was first suggested by Lichtcneckcr in 
1926 |l5j . and has been used by many researchers. In 
fact, it well explains dielectric properties of various com- 
posites, such as BaTi0 3 /CaTi0 3 [3, BaTi0 3 /BaTi0 3 - 
gel Ha. aluminum powder/epoxy resin Il7j. and human 
blood [13. According to Zakri et al. [l||, the necessary 
conditions of Eq. (1) are: (i) ingredients in the mix- 
ture are not dissolved in the solvent, and (ii) in a two- 
component case, one component is uniformly distributed 
as fine particles in the background of the other one. We 



readily see that CCT-CT-1 satisfies the first condition, 
because CCTO and CTO make no solid solution as men- 
tioned earlier. In a microscopic point of view, this means 
that Ca ions do not occupy the Cu site in CCTO, and 
hence the surface of the CCTO grain should be covered 
with CTO in CCT-CT-1, which suggests that CTO acts 
as a barrier layer. Some systems such as BaTi03-Ce02 
and BaTi0 3 -Nb 2 05-Co 3 04, and BaTi03-CdBi 2 Nb 2 09 
obeys Eq. (1), in which the BaTiOj grain takes the 
so-called "core-shell" structure 0, ■ We expect 
that a similar core-shell structure will exist in CCT-CT- 
1, which should be verified in a further study. 

Preliminarily, we took scanning-electron-microscope 
images to evaluate the size and distribution of the grains 
in CCT-CT-1. They showed homogeneous distribution 
of the CCTO grains, which satisfies the second condition 
for Eq. (1). The grain size of CCTO was 2 — 3 /xm, 
which was significantly smaller than a typical grain size 
(several dozen /im) of normally prepared CCTO. Such 
a small grain size of CCTO shows a high dielectric con- 
stant (2000-2500) with remarkably flat temperature de- 
pendence p3| . which can be another origin for the high 
performance of CCT-CT-1. 

Finally we will make some comments on remaining is- 
sues, (i) We found that CCT-CT-1 showed no piezo- 
electricity. This is reasonable, because it shows no fer- 
roelectric transition, which is advantageous for reduction 
mechanical damages in ac operation, (ii) A sintering tem- 
perature of CCT-CT-1 is 1090 °C, which is significantly 
lower than that of BaTi0 3 (typically 1350 °C). This in- 
dicates that CCT-CT-1 can save considerable costs and 
energies, which is another environmentally-friendly fea- 
ture, (iii) CCT-CT-1 is highly stable. After 20000 h, 
e' and tanJ remain intact within +4 % and +13 %, re- 
spectively, which is still in the range of the X5R/X7R 
standards. 

In summary, we have prepared a set of ceramic sam- 
ples of Ca. 1+x C\i 3 - x Tu0 12 (x = 0, 0.1, 0.5, 1, 1.5, 2, 2.9 
and 3), and measured the dielectric properties. They are 
found to be composites of CaCu3Ti 4 O i2 and CaTiOs, 
whose dielectric constant obeys Lichtenecker's logarith- 
mic law. This means that the CaCu3Ti 4 0i 2 grains dis- 
tribute homogeneously in the CaTi03 matrix, in which 
CaTiOs can act as a barrier layer. For x = 1, the dielec- 
tric constant reaches as large as 1800 with a small loss of 
tan S <2% below 100 kHz in a wide temperature range 
from 220 to 300 K. These are the best values among di- 
electric ceramics in the X5R/X7R standards. Although 
the dielectric constant is highly dependent on frequency, 
we hope that it will be applied in a complimentary way 
to existing ceramics. 

We would like to thank M. Fukunaga for piezoelectric- 
ity measurement, and Y. Uesu for useful advice including 
critical reading of our manuscript. 
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